Abstract-This paper presents a new hybrid wind turbine system that is formed by a continuously variable transmission connection of the turbine drive shaft with an air expander/compressor. A mechanical power split device is designed to synthesize the power delivered by the wind turbine and the air expander/compressor. A small-scale hybrid wind turbine system is mathematically modeled, analyzed, and validated using a laboratory-scale experimental test rig. By utilizing compressed air energy storage, it is shown that the hybrid wind turbine system can provide smooth power output under fluctuating wind speed conditions. Such a direct connection structure reduces the overall system cost by using one generator instead of two compared with the conventional CAES system structure. The study demonstrates the benefit of improved efficiency and flexibility brought to the turbine operation by the hybridization of wind energy and stored energy.
I. INTRODUCTION

I
NCREASED electricity generation from wind energy sources is considered as one of the top priority strategies worldwide for reducing CO 2 emissions and maintaining sustainable economic development. However, increased exploitation of wind power poses challenges for power network operation, due to the nature of unpredictability and variability of wind power [1] , [2] . To address the challenge, various methods are under investigation, such as super-grids, flexible operation of power plants, demand-side response management, interconnectors and Energy Storage (ES). Among all the potential solutions, ES is recognized as one of the feasible options for decoupling the fluctuating power supply from the load demand. J. Wang is with the School of Engineering, The University of Warwick, Coventry CV4 7AL, U.K., and also with Huazhong University of Science and Technology, PR China (e-mail: jihong.wang@warwick.ac.uk; jihongwang@hust.edu.cn).
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Apart from pumped hydro, batteries, hydrogen, flywheels and capacitors for energy storage, Compressed Air Energy Storage (CAES) is a well-known, controllable and affordable technology [3] . In a CAES system, electric power is used to compress air for storing high pressure air in a vessel or a cavern and the energy stored can be called into use to generate electricity when needed. Compared with other types of ES technologies, CAES is sustainable, does not produce chemical waste and is suitable for various scales of storage. CAES is already considered to facilitate wind power and to compensate for the power supply fluctuations [4] - [6] . Study on the integration of intermittent renewable energy with CAES is reported in [7] - [10] to investigate economic profit optimization. Mathematical modelling study and economic analysis were carried out in [11] - [14] . In order to increase flexibility and to provide smooth power output from renewable energy sources, technologies for wind power integration were investigated such as wind-diesel systems [15] , [16] , wind turbines with hydraulic and pneumatic pumps [17] or hybrid wind turbines in connection with compressed air and super-capacitors [18] . A scroll type air expanders in connection with the wind turbine drive shaft to realize direct integration of CAES with wind power generation is suggested in [19] - [21] .
In this paper, a wind turbine system in hybrid connection with CAES is proposed, in which a scroll type air expander/compressor and a mechanical power split device are combined to engage CAES to the turbine powertrain. Smoother power generation is achieved as the air expander provides additional power from CAES when wind speed is not high enough to maintain the balance between the power demand and power supply. In the time period of power oversupply, the excess power can be used to compress air for storage. It is also anticipated that such a hybrid structure may help reduce the mechanical strain on the turbine drive train induced by undesired wind gusts. In this paper, the study focuses on a few kW small scale hybrid wind turbine in order to demonstrate the proposed concept on a laboratory based test rig. The dynamic mathematical model is developed for the whole system and simulation study is conducted. A small test system is implemented in the research laboratory to verify the modelling and simulation study outcomes. The study shows that this hybrid system is feasible from the technology point of view. With a suitably designed control strategy the system delivers smooth power output under fluctuating wind speed conditions. Compared with the work published in [19] , [20] , the main new contribution of this paper is that a new mechanical 0885-8969 © 2016 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications standards/publications/rights/index.html for more information. power transmission structure is proposed. A power split device is introduced to achieve continuous and smooth switching to the hybrid connection and different operating modes. The study in [21] investigates the energy discharge operating mode only (air expansion). The mechanical structure presented in this study enables a single scroll air expander/compressor unit to work either as an air expander or an air compressor, so that a complete cycle of charging and discharging the store is achieved. The whole system experimental test and system analysis are also provided in this paper. The paper is organized into six sections. Section II describes the whole system structure. The mathematical modelling and simulation of the system is given in Section III. In Section IV, the experimental test rig set up and model validation are presented. System analysis and energy efficiencies are studied in Section V. Concluding remarks are given in Section VI.
II. DESCRIPTION OF THE SYSTEM STRUCTURE
In general, a CAES system has a process from electricity to electricity. Electric motors power compressors to produce compressed air for storage and the stored compressed air can be called into use to power an air turbine to drive a generator for electricity generation. The case of the electricity generated by wind power with integration of CAES is illustrated in Fig. 1(a) . The early research work at Warwick University, reported in [19] , [20] , proposed a hybrid wind turbine system which has a different configuration and is described in Fig. 1(b) . It can be seen that the proposed system structure connects an air expander to the wind turbine shaft via a clutch. The wind turbine generator is used for wind power generation and also CAES conversion. Such a system structure requires a complex control strategy to ensure that the air expander is engaged only when its rotational speed is synchronized with the drive shaft's speed. The results in [19] , [20] show that torque can be added to the turbine drive shaft and, hence, the power output is increased. On the other hand, the added torque also leads to a propelled turbine rotor, which can have negative effects on the turbine's efficiency. In addition, the expander cannot be used as a compressor to compress air in the case that excess power is produced by the wind.
Following the work reported in [19] , [20] , a new system structure is proposed in this paper by introducing a Power Split Device (PSD). The system topology is shown in Fig. 2 with a planetary gear box as the PSD. The PSD merges the torques from the turbine rotor shaft, the scroll air expander/compressor and the generator. The planetary gear box consists of a ring gear, connected to the generator, a planet carrier, connected to the wind turbine, and a sun gear to be connected to the scroll air expander/compressor. Power can continuously be added from CAES via the air expander, meaning the air expander can be utilized in its entire speed range and is not tied to the rotational speed of the drive train. The air expander can also be driven backwards (which makes it work as a compressor) in the time of excess wind power generation over the demand. This was not possible in the previous study [19] , [20] . Having this system structure, a single device can serve as either compressor or expander for charging (compression) and discharging (expansion) processes, respectively. In addition, the generator can also work as a motor, driving the scroll compressor, while the wind turbine is locked against spinning backwards. Therefore, the store can also be charged by taking electricity from the grid.
III. MATHEMATICAL MODELLING OF THE WHOLE SYSTEM
In this section, the dynamic mathematical model of the whole system is presented including the scroll air expander, the wind turbine, the generator and the power split device. The modelling of the individual system components is explained first, which covers their operating principles and mathematical model derivation. Table II shows the system parameters, which were obtained from product data sheets or via parameter identification using Genetic Algorithms. The models of the components are then linked together to form the whole hybrid wind turbine system model. In this paper, due to page limits, only the work for the discharging process is presented in which the scroll unit works as an air expander. The charging process/compression stage will be discussed in further publications.
A. Model of Horizontal Axis Wind Turbines
The wind turbine's power output is characterized by Eq. (1) [22] .
where P turbine is the turbine's mechanical power output, ρ is the air density, A is the rotor disc area, v is the wind speed and c p is the turbine power coefficient. The c p is of particular importance since it describes how much mechanical power can be extracted from the incoming aerodynamic power. The c p is a function of the tip speed ratio λ, i.e. the ratio between the tangential speed of the rotor blades and the incoming wind speed. In theory, an optimum c p can be found for any wind turbine at a given wind speed. However, the c p calculation requires aerodynamic knowledge about the airfoil and can be described numerically.
Eq. (2) shows the chosen c p calculation, while the pitch angle is set to zero for the small scale wind turbine [22] .
with λ i being an auxiliary variable:
B. Model of Permanent Magnet Synchronous Generator
The Permanent Magnet Synchronous Generator (PMSG) can be modelled in the DQ reference frame, described by Eqs. (4) and (5) and is based on [23] .
with u d , u q being the induced voltages in DQ coordinates when a driving torque is applied. R s , R l , ω gen , L, p n and ψ are stator resistance, load resistance, rotational speed of the generator shaft, inductance, number of pole pairs and the magnetic flux, respectively. Note that only resistive load is used in this description. The torque is proportional to the current, number of poles and flux, see Eq. (6).
with i q being the current in the q axis.
C. Model of Scroll Air Expander
Scroll type compressors can be found in refrigerators or air conditioning systems in vehicles. The design structure can also be used for air expanders and has recently attracted researchers and industry for applications such as Uninterrupted Power Supply systems (UPS), ranging from a few kW up to 50 kW power rating [24] . It can also be found in applications for waste heat recovery systems [25] . A scroll air expander consists of two spirals -a fixed and a moving spiral. The moving spiral is connected to a crankshaft, allowing for eccentric motion, while following a fixed path with respect to the fixed spiral. While orbiting, the chamber volumes between the fixed and the moving spiral are increasing. The process repeats with every 360°rotation.
Comprehensive modelling study is reported in [26] , [27] , ranging from the geometry study to thermodynamic and mechanical analysis. Therefore, the entire derivation of the scroll air expander model will not be repeated in this paper and a brief description of the key components will be given. The scroll air expander used in this study is a Sanden TRSA09 compressor with 2.1 wraps, modified in-house to serve as an expander. Fig. 3 shows a function block diagram of the scroll air expander model. As the expander shaft rotates, the volumes in central, side and exhaust chambers are computed. The pressure and temperature inside the chambers can be derived based on the volumes, the inlet air pressure and inlet air temperature. The pressure difference across adjacent chambers induces the driving torque, which leads to rotation depending on the load. The chamber pressures are linked to the air mass flow rate, the rate of volume changes, chamber air temperature and the current pressure state, described in Eqs. (7)- (9) .
The equations are simplified to have a constant temperature due to the fact that temperature changes have only a minor effect on the torque/speed characteristic of the expander in low pressure regions (1 to 5 bar) from our experiments.
where p is the chamber air pressure; V is the chamber volume; T is the temperature inside each chamber;ṁ is the mass flow rate of air into the central chamber and out of the exhaust chamber; R is the gas constant. The subscripts c, s and e stand for central chamber, side chamber and exhaust chamber, respectively. The mass flow rate is derived from the orifice theory and can be described with the following formula:
with c d , c 0 being discharge and flow constants and p u and p d the upstream and downstream pressure across the orifice. A i is the smallest cross-sectional area of the inlet and outlet, respectively. Furthermore, f (p u , p d ) is defined as follows:
with c k , k and c r being constants (see Table II ). The total torque produced by the scroll air expander depends on the pressure difference across adjacent chambers and is represented by Eq. (12) [26] .
where h is the depth of the scroll; r is the radius of the orbit; Δp is the pressure difference between adjacent chambers; ρ 0 is the initial radius of curvature; k s determines the shape of the spiral; α is the orbit angle and j increases from 0 to the number of side chamber pairs. The detailed method for calculating the chamber volumes can be found in [27] . In order to investigate the scroll air expander's efficiency, the ratio between power in compressed air flow and mechanical power must be established. The power in compressed air flow can be computed according to Eq. (13) [28] .
The subscript a stands for atmospheric conditions. The scroll air expander efficiency is defined as follows:
D. Model of the Power Split Device
The power split device used in this application is a singlestage planetary gear box, consisting of three components: a sun gear, a planet carrier and a ring gear. In general applications of planetary gear boxes, one of the three components is fixed. However, in this application all three components are movable. The sun gear is connected to the scroll air expander/compressor, the planet carrier to the turbine and the ring gear to the generator. The main torque input is provided by the wind turbine while the scroll air expander transfers torque to the generator via the planet carrier, meaning that the turbine experiences a higher load torque. The scroll air expander can also become driven, which turns it into a compressor.
Based on the lever analogy in [29] , the dynamic mathematical model can be developed. From Fig. 4 , the sun gear (S) is driven by the scroll air expander's torque τ air , reduced by its friction components τ fr,air and gear box friction τ fr,gear,s . The planet carrier (C) is driven by the turbine torque.
Since the test rig utilizes 2 DC motors as a turbine emulator, the DC motor torque τ dc is denoted. It is reduced by its drive shaft friction τ fr,dc and gear box friction τ fr,gear,c . The generator is connected to the ring gear (R), taking into account the friction τ fr,gen . R 0 and R 1 are transmission ratios of the drive train, whereas i is the gear box transmission ratio from sun to ring gear andω i describes the respective rotational acceleration of the gear components.
Based on the physical model in Fig. 4 , two differential equations can be derived that describe the system. The sum of momentums is arbitrarily taken around the sun and ring gear, respectively.
The kinematics of the gear box is illustrated in Fig. 5 . Using the theorem of intersecting lines, the following relationship can be derived:
Substituting Eq. (17) into Eqs. (15) and (16), and decoupling the equations from each other with respect toω c andω s , the following differential equations hold:
τ g e n +τ f r , g e n R 0 ⎤ ⎦ (18)
τ g e n +τ f r , g e n R 0
with J k i being composed terms of inertias (see Table III ). 
E. Whole System Model
All the system component models are connected and controlled via a PID controller to form a complete closed-loop system as shown in Fig. 6 . The paper focuses on system modelling and analysis, so only a conventional PID controller is discussed that regulates the scroll air expander power and, in turn, the generator's power output. The control action is realized by controlling the air pressure input of the scroll air expander for which a pressure regulator can be used. As stated in the previous section, only the air expander stream is discussed in this paper, that is, the power from CAES can be added to the system via the air expander.
IV. EXPERIMENTAL TEST SYSTEM
An experimental test rig was set up to validate the developed models and to find parameters for the components used in the system. A 1 kW PMSG and a 2.1-wraps scroll air expander/compressor are employed in the experimental system. The gear box was designed with a gear ratio of 5 (from sun to ring gear) to match the component's torque/speed characteristics. Due to limitations of acquiring a suitable real small-scale wind turbine, two DC motors are employed to form an emulator of a small scale horizontal axis wind turbine in the test system. 
A. Test Rig Set Up
The test rig comprises a metal frame hub (see Fig. 7 ) that carries the generator, the scroll air expander, the gear box and measurement instruments as well as actuators. The DC motors (turbine emulator) are connected to a shaft on top of the hub, which also provides the opportunity to connect it to a real wind turbine for future tests. All sensor outputs are connected to an Opal-RT Real-Time Hardware, which interfaces with Matlab/Simulink and with which data are acquired and the test rig is controlled at the sampling period of 1 ms. Table I shows the main system components.
B. Model Validation
The test rig is used to validate the system's components individually followed by testing the whole hybrid wind turbine system. Unknown parameters were identified by manual searching methods and Genetic Algorithms. The detailed parameter identification is not given in this paper due to the restriction of the number of pages. For the comparison between simulation and experimental results and for achieving a better representation of the system dynamics, random voltage and inlet air pressure profiles for the DC motors and the scroll air expander are used as input signals, as shown in Fig. 8 .
The input voltages and air pressures applied to the test rig were recorded and then used as inputs for the simulation study. The corresponding torque and speed of the DC motors, the air expander and the generator are recorded. Fig. 9 shows the comparison of the torque profiles between the simulated and experimental results.
A good fit between the simulation and experimental test results is observed. The scroll air expander drives the generator by itself until t 1 , that is, the power output comes from CAES only. From t 1 , the DC motors (wind turbine) are engaged and the generator torque is increased, meaning that both wind power and power from CAES are merged to drive the generator. Fig. 10 shows the rotational speed of each component. It can be seen that the scroll air expander spins in the opposite direction compared to the generator and the DC motors. The scroll air expander's speed changes significantly within the first 30 sec although the air pressure is kept nearly the same. This is due to the DC motors, which become engaged and add torque to the system. Therefore, Figs. 9 and 10 illustrate the interaction between the system components and applied torques well. 
V. SIMULATION STUDY AND ANALYSIS
A. Operating Scenarios
The mathematical model of the hybrid wind turbine is validated in Section IV, so that it can be used to investigate the effects of engaging compressed air energy through the direct mechanical transmission connection. Extensive simulation study is conducted in this section. Firstly, a 2.5 m diameter standalone Horizontal Axis Wind Turbine (HAWT) is tested, i.e. the direct connection from the wind turbine to the generator without the interaction of the scroll air expander. The wind speed scenario and the corresponding power of the HAWT are shown in Fig. 11 . The wind speed scenario is obtained from the published data in [30] .
For comparison, Fig. 12 shows the simulation results for the power generation from the same HAWT in hybrid connection with the scroll air expander. In this case, the power output is controlled to meet 1 kW demand for the first 100 s and 0.75 kW for the remaining 50 s, which is introduced with a step change in power demand. The same wind speed profile from Fig. 11 is used for this simulation.
The scroll air expander engages and adds power to the system, so that the power demand is met. It is noticed from Fig. 12 that the scroll air expander's power has a negative sign, which is because the scroll air expander rotates in the opposite direction with respect to the HAWT and the PMSG through the gear box. When the HAWT and the scroll air expander work together, the torque added from the scroll air expander to the PSD influences the HAWT's power coefficient positively as shown in Fig. 13 . The increase of the HAWT's power coefficient c p is observed because the HAWT operates at a more efficient tip speed ratio in comparison to the standalone HAWT under the same wind speed conditions. Therefore, not only can power be added continuously to the system, it also has a beneficial effect on the HAWT's power coefficient.
Since the scroll air expander applies torque via the wind turbine, four scenarios can occur: 1) The wind speed is too low, the turbine does not rotate; the scroll air expander drives the generator by itself and the turbine rotor must be secured from spinning backwards. 2) The HAWT generates power in standalone mode. 3) The wind speed is not high enough and CAES needs to be employed to add additional power to generate the desired power output. 4) The wind turbine produces too much power, which can be used to compress air for storage.
B. Efficiency Analysis
The round-trip efficiency of the hybrid wind turbine is defined as the ratio between the electric energy generated and the HAWT's mechanical energy, after all energy has passed through storage. The energy transfer from the HAWT to storage is demonstrated in Fig. 14 .
For the process, four major energy losses are identified which are shown in Fig. 14 . The associated energy efficiencies are also listed in the figure and are estimated with references to the work in [31] - [34] . The overall compression process efficiency from the HAWT's mechanical energy to compressed air energy is estimated to 52%. The energy transfer from the stored energy to electric energy is shown in Fig. 15 . Similar to the compression process, the major losses are identified and shown in Fig. 15 . The estimated efficiency for the expansion process is around 71% [31] , [33] . Therefore, the round-trip efficiency is approximately 0.52 · 0.71 · 100% ≈ 37%. A number of research projects are on-going worldwide aiming at improving energy efficiency of CAES systems. With the recently reported development of CAES technology, the round-trip efficiency (electricity to electricity) of 53% is achieved for a 1 MW Adiabatic-CAES demonstration plant [35] .
VI. CONCLUDING REMARKS
In this paper, a new hybrid wind turbine system is presented that uses CAES and a power split device with the aim of smoothing power output under fluctuating wind speeds. The power split device merges the torques from the scroll air expander/compressor, the wind turbine and the generator. A mathematical model is derived based on a small scale hybrid wind turbine system and is successfully validated by comparing the experimental and simulation results.
The system structure proposed in the paper is more cost effective as only one generator is required and the expander can be operated reversibly as a compressor for both charging and discharging processes. The proposed hybrid wind turbine can regulate the power output and help follow the demand profile via controlling the charging and discharging processes. This is particularly useful to the distributed and isolated power grid. Especially remote areas with poor power network connections, but rich in wind energy resources, will benefit from the hybrid wind turbine system. Furthermore, the study has also demonstrated that the wind turbine power coefficient c p can be improved by the structure of the direct mechanical engagement of the scroll air expander with the turbine shaft. Additionally, the hybrid set up would allow for damping shock loads from wind gusts, which may play a positive role in prolonging the life-time of the wind turbine gear box and reducing the cost of maintenance.
The work reported in this paper is based on the study of a small scale wind turbine system. A preliminary study has been conducted by the authors concerning a 1 MW hybrid wind turbine for which two screw expanders/compressors are utilized. The initial study indicates that the system is feasible from the mechanical transmission point of view. However, more extensive study regarding a MW scale hybrid wind turbine is required before any firm conclusion can be drawn. The work is ongoing and will be reported in future publications. In collaboration with British Geological Survey, the authors are currently working on investigating the CAES potential in the UK [36] . From the study it is shown that the UK has the potential to form salt caverns to store compressed air energy of over 1000 GWh. APPENDIX A 
